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Abstract: Production from gas condensate reservoir poses the major challenge of condensate banking
or blockage. This occurs near the wellbore, around which a decline in pressure is initially observed.
A good sign of condensate banking is a rise in the gas–oil ratio (GOR) during production and/or a
decline in the condensate yield of the well, which leads to considerable reductions in well deliverability
and well rate for gas condensate reservoirs. Therefore, determining the well deliverability of a
gas condensate reservoir and methods to optimize productivity is paramount in the industry. This
research study aims to investigate fluid phase change behaviour in a gas condensate reservoir during
depletion, to understand the problems encountered in well deliverability during production and
to evaluate optimization techniques that could enhance deliverability. This requires a review of
dierent techniques and methods used in the analysis of gas condensate reservoirs and of condensate
saturation build-up in the system as a function of time to determine the occurrence of condensate
in the vicinity of wellbore and a sensitivity analysis of the dierent parameters and how they aect
well deliverability. A commercial compositional simulator (E300) was used to study gas condensate
fluid flow using synthetic data to simulate a gas condensate reservoir by studying the compositional
changes (i.e., C1, C2, C3, C4-C6...) in hydrocarbon content over time and/or distance from the wellbore
by determining the timing of condensate banking as well as its distance from a well, and the results
were used in turn as guidance to optimize condensate production. Typical scenarios such as those
involving water injection and gas recycling were adopted in studying condensate banking. The result
shows a considerable change in the composition of the fluid components with respect to fluid phase
changes as the pressure declines during depletion. The earlier the pressure decline occurs, the quicker
the change in phase and the closer to the wellbore the transition takes place, which leads to significant
condensate loss. Simulation results show that water injection with the minimum pressure decline
produces a higher condensate recovery factor of 93%, while gas recycling suered from early phase
change and a condensate recovery factor of only 66% was achieved. Altering the gas production
rate in the gas recycling case reduced the phase change near to the wellbore and produced a better
recovery factor of up to 82%. The findings of this study help to provide a better understanding of
the hydrocarbon phase change near wellbores in gas condensate reservoirs from the gas phase to
condensate. The suggested approach to tracking the timing and location of condensate formation can
also assist the production engineers in managing condensate production and selecting appropriate
optimization techniques to improve condensate recovery.
Keywords: condensate banking; well deliverability; condensate production optimization; condensate
reservoir; phase change; condensate regions
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1. Introduction
A gas condensate reservoir is a type of reservoir whose phase and fluid flow exhibit complex
behaviour due to the formation of hydrocarbon liquid which condenses out of the system when the
bottom hole pressure drops below the dew point pressure. The accumulation of condensate around the
wellbore results in condensate blockage, causing a reduction in eective permeability in the reservoir.
Condensate loss is a major issue in production from gas condensate reservoirs and is of the utmost
concern since large volumes of fluid become residual and unrecoverable [1].
Numerous studies have been carried out on gas condensate reservoirs and their deliverability
and on optimization methods which can improve recovery from this type of reservoir [1–12]. The first
study to refer to this phenomenon as condensate banking was conducted by Muskat [13], who found
that liquid condensates concentrate in the wellbore vicinity as the pressure declines below the dew
point pressure. O’Dell (1967) [14] presented a basic method for the investigation of steady state flow
concepts that could be used in estimating the productivity from a well and the eect of production rate
based on the steady state concept. This study found that the prediction of the production rate is critical
if the average reservoir pressure is below the saturation pressure of the in-situ fluid. Roebuck et al.
(1968) [15] developed the first models that accounted for component mass transfer between phases in
accordance with phase equilibria data and for an individual component flow. Furthermore, Fussell
(1973) [16] questioned the O’Dell [14] equation and used a pseudo-pressure function to describe the
condensate blockage eect. Based on a modified version of the model developed by Roebuck et al. [15],
it was found that the level of productivity in a gas condensate reservoir is higher than that derived
from the proposed theory using the O’Dell [14] equation based on the steady state flow concept. It was
shown that the eect of condensate accumulation on well productivity, with a small correction to
account for gas dissolved in the flowing oil phase, dramatically overpredicts the deliverability loss due
to condensate blockage, as compared with the results provided by the method used and simulation
output. Also evaluated in this study was the eect of phase behaviour and relative permeability
characteristics on production performance. It was concluded that the eect of condensate blockage
depends on (1) the relative permeabilities, (2) pressure volume temperature (PVT) properties, and
(3) how the well is being produced in terms of constant rate vs. constant bottom hole flowing pressure
(BHFP).
Bourbiaux et al. 1994 [17] and Kalaydjian et al. 1996 [18] performed experimental studies of
critical condensate saturation (Scc) and relative permeabilities (kr) in gas condensate fluid systems in
order to measure local condensate saturation and condensate drop-out. Two procedures were used to
determine the critical condensate saturation: The injection of equilibrium and two-phase or steady
state injection. Innovative characteristics on the visual onstream control of fluid PVT behaviour and
local condensate saturation measurements using gamma-ray attenuation techniques with specified
calibration were used in their studies. It was found that the experimental methods enable a reliable
determination of IFT Indexed of kr curves required to predict the productivity of a gas condensate
field subjected to pressure depletion.
Fevang (1995) [19] suggested that a decline in well deliverability due to condensate banking
depends mainly on relative permeability within a narrow and well-defined range between 1 to 50 md.
In addition, no direct eect of critical saturation on well deliverability was found and the influence of
gas–oil interfacial tension on relative permeability was insignificant in terms of the performance of a
gas condensate well.
Fevang and Whitson (1996) [1] and Penuela and Civan (2000) [20] addressed the physics of
condensate banking and developed a three-flow region theory. In the outer region 3, the pressure is
above the dew-point pressure and only gas exists. In region 2, condensate saturation is below the
critical level; only gas flows in this region while the condensate is immobile. Finally, in the inner region
1, the pressure decreases further, condensate saturation exceeds the critical level, and both condensate
and gas flow.
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A numerical study was performed by Roussennac (2001) [21] to demonstrate the compositional
changes in hydrocarbon fluid during production. It was found that the fluid located near the wellbore
could change from a retrograde gas into a volatile oil during early production. This occurs in the vicinity
of the wellbore because it contains a heavier component which initiates a change in behaviour of the
overall fluid from its initial behaviour. Wheaton and Zhang (2000) [22] suggested that gas-condensate
rich reservoirs experience a higher rate of change in heavy component composition compared to that
in a lean gas-condensate reservoir.
Ayala and Ertekin 2005 [23] used a neuro simulation to study the gas recycling performance of a
gas condensate reservoir, which helped in solving production-related optimization challenges. Their
parametric study identified the most influential parameters and fluid characteristics in enhancing
an optimum production approach in the application of pressure maintenance in gas and condensate
reservoirs. They showed that pressure maintenance could be justified economically when the reservoir
pressure is above the dew point pressure or if there is any re-vaporization of condensate.
Work performed by Shi et al. (2006) [7] and Shi (2009) [9] showed that a combination of condensate
phase behaviour and the relative permeability of the rock strata results in a compositional change in
the reservoir fluid as heavier components separate into the reduced liquid, while the flowing gas phase
becomes leaner in composition. This was quantified by developing a scientific understanding of the
phenomenon and the results derived were used to investigate ways to enhance the production of gas
and condensate by controlling the liquid composition that drops out from the gas in the vicinity of
the wellbore. Recent research by Bilal et al. (2017) [24] and Min et al. (2018) [25] has demonstrated
that the miscibility and vaporization of condensate by injected gas is a more ecient mechanism for
condensate recovery. They found that the application of gas recycling in a five-spot well pattern greatly
enhances condensate recovery, helping to prevent financial, economic and resources losses.
Recently, an experimental investigation on CO2 injection process at dierent periods during
gas-condensate reservoir development was carried out by Su et al. 2017 [26]. A series of water/CO2
flooding experiments was conducted with a numerical core flooding model built in a generalized
equation of state model reservoir simulator (GEM). They concluded that CO2 treatment can improve
gas productivity as compared to water flooding mode. They concluded that CO2 treatment can improve
gas productivity as compared to water flooding.
A more complex method was proposed by Qiu et al. (2018 [27], 2019 [28]) to measure the
vapor-liquid transition, in which a new isochoric procedure was developed using a dierential
scanning calorimeter (DSC) to measure the onset of vapor-liquid phase transitions. The procedure
was successfully utilized in experiments measuring the vapor pressures of pure substances and the
dew points of gas mixtures. The results showed that the phase transition boundaries of the fluids in
nanopores are below those of the bulk fluids on the phase diagram, and that the boundaries of fluids
in a smaller pore are below those in a larger pore.
Although various methods have been proposed for the performance evaluation of condensate
reservoirs, knowledge of phase behaviour and optimization techniques for enhanced condensate
recovery from gas-condensate reservoirs is still lacking. Another knowledge gap concerns the need to
understand how hydrocarbon composition correlates with time and space characteristics and how
changes in composition impact on gas production and condensate recovery [9]. Models developed
by Wheaton and Zhang (2000) [22] focus on the description of condensate banking and they only
demonstrate the behavior of heavy components from production wells over time as production
progresses. Compositional change has been observed in the field, but studies of its eects have rarely
been reported.
Therefore, in this work, we introduce a novel approach to investigate the performance of a gas
condensate reservoir by tracking the phase change with respect to time and distance from the wellbore.
Moreover, the proposed approach is applied to evaluate the eciency of dierent condensate recovery
techniques such as gas recycling and water flooding.
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An obvious advantage of this study is its simplicity compared to others in the evaluation of
the timing and location of condensate formation in the proximity of wellbores. Even though in the
proposed approach the heterogeneity of the reservoir is ignored, this concept can still be used for
reservoirs with dierent degrees of heterogeneity which can be captured in terms of changes in the
timing of condensate formation and its distance from the wellbore. Figure 1 illustrates the procedure
used in formulating the general problem and the application of the proposed approach to tackle it.
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Figure 1. Schematic illustration of the formulation of the general problem and application of the
proposed approach to tackle it.
2. Model Description and Methodology
A commercial compositional simulator (E300) made by Schlumberger was used to build a 3D
model. All input data for this study were derived from Kenyon 1987 [29]. The E300 simulator serves as
a good tool in understanding the behaviour of the fluid flow in the reservoir and in predicting the liquid
dropout based on reservoir operating conditions using the Peng Robinson (PR) equation of state (EOS)
model. The PVT model is generated using a PVTi, which was used to develop the phase envelope of
the reservoir fluids. This is achieved by initially defining the reservoir fluid and fluid components and
their weight compositions. These are then used to generate a base case of natural depletion without an
injection well for the study and run for a production period of 15 years. The following procedures are
applied in achieving the aims of this study:
 Evalu te the fluid comp sition of C1 and C4-6 as a function of me for each optimization technique
to determin he phase behaviour nd changes of production c m onents ver time.
 De ermine the condensate saturation build-up in the reservoir as a function of time for each grid
block under di rent optimization techniques.
 Compare the composition of fluid components (C1 & C4-6) with the reservoir pressure to evaluate
the eect of pressure upon the condensate formation.
The reservoir model’s specification and definition are shown in Table 1 and the composition of
fluid components in Table 2.
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Table 1. Reservoir rock and Fluid properties adopted from Kenyon and Behie 1987 [29].
Number of Cells
X Direction 9
Y direction 9
Z-direction 4
Thickness, ft.
DX = DY 293
DZ1 30
DZ2 30
DZ3 50
DZ4 50
Datum (subsurface), ft 7500
Rock Properties
Porosity at initial Reservoir Pressure % 0.13
Permeability, (md) 100
Water Properties
Water Saturation at contact 1
Gas/Water Contact, ft 7500
Density at contact, Ibm/ft3 63.0
Compressibility, psi-1 3.0  10 6
PV Compressibility, psi-1 4.0  10 6
Initial Conditions
Initial pressure, psia 3550
Dewpoint pressure, psia 3428
Initial Reservoir Temperature o F 200
Molecular Weight of C7+ 140
API Gravity 51.4
Well Date and Control Data
Production well Data
Position I = 7, J = 7
Perforation K = 3 & 4
Well Radius, ft 1
Minimum Bottom Hole Pressure, psia 500
Production Gas Rate, Mscf/d 6200
Injection Well
Position I = 1, J = 1
Perforation K = 1 & 2
Well Radius, ft 1
Maximum Bottom Hole Pressure, psi 4000
Simulation Period, Days 5475
Table 2. Fluid Components and their respective composition in moles, Kenyon and Behie 1987 [29].
S/N Fluid Components Mole (%)
1 CO2 1.21
2 N2 1.94
3 C1 65.99
4 C2 8.69
5 C3 5.91
6 iC4 2.39
7 nC4 2.78
8 iC5 1.57
9 nC5 1.12
10 C6 1.81
11 C7+ 6.59
Total 100
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2.1. Gas Condensate Reservoir Model Characterization
A symmetrical grid model made up of 9  9  4 grid cells, making a total of 324 grid cells, was
utilized for the simulation in cartesian coordinates. There are four layers with a single production well
located at the corner of the grid in a cell placed at (7, 7, 1) in the XYZ direction respectively. The layers
perforated at the third and fourth layer have multiple components of gas condensate reservoir fluid.
The reservoir has a homogenous layer with permeability and porosity being constant along dierent
layers and having values of thickness of 50 ft, 50 ft, 30 ft, and 30 ft respectively. The reservoir model
is initially at single gaseous phase with an initial pressure of 3550 psia and dew point pressure of
3428 psia. The condensates are immobile until a saturation of 20% is achieved and the value of Krg
reduced from 0.74 to 0.078 with the irreducible water saturation at 1%.
Nine pseudo-components used by Kenyon and Behie 1987 [29] were used as input to generate the
fluid model (Table 2). The developed model was used to generate a base case of natural depletion
without an injection well for the study and was run for a period of 15 years of production.
2.2. Methods to Track Phase Change in the Reservoir
Production below the dew point of the reservoir fluids causes a significant change in the
composition of the fluid, and the heavier hydrocarbon components condense out of the fluid. This liquid
dropout occurs near the wellbore and alters the relative permeability of the fluid. Depending on the
distance from the wellbore, the saturation of condensate may vary.
Selected blocks close to the wellbore and away from the production well were studied with
compositional changes being recorded, in order to analyze the phase changes over time in the reservoir.
Figure 2 presents the selected blocks where the change in fluid composition was tracked during
production. The major emphasis was on C1 (lighter hydrocarbons) and C4-6 (heavier hydrocarbons).
It is known that heavier hydrocarbon components have little or no eect on liquid-vapour phase
behaviour in common hydrocarbon fluids. The 3D image shows the top view with the position of the
production well and the injection well with some selected marked grid blocks of interest (7, 7, 4; 6, 7, 4;
and 3, 7, 4) being marked. The side view shows four dierent layers of the reservoir. The fourth layer
represents the main area of interest (wellbore) used for the study.
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Figure 2. A 3D Image of selected blocks of interest; from top to the two sides.
3. Results and Discussions
Figure 3 shows the condensate liquid volume at dierent pressures for three cases at the wellbore
located in block (7, 7, 4). Condensate accumulation increases at the wellbore with declining pressure.
Pressure increases linearly after the dew point at 6% towards the wellbore at a pressure of 3419 psia for
both the base and gas recycling cases. The maximum volumes of condensate achieved for the base,
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gas recycling, and water injection cases were 10%, 9%, and 0% respectively at a reservoir pressure of
500 psia. Therefore, the water injection case shows no condensate formation during depletion. It is also
noted that the condensate liquid volume slightly increased during the gas recycling case as compared
to the base case. This can be attributed to the change in phases due to gas injection, which keeps the
pressure slightly higher than the dew point pressure.
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Figure 3. Condensate liquid volume dropout for block (7, 7, 4) as a function of pressure for the base
case, gas recycling and water injection cases during depletion.
Figure 4 presents the calculated pressure at the wellbore for the cases studied against depletion
time. The pressure drop for base case without external support shows a sharp decrease, while a
slower trend of pressure reduction is observed for the gas recycling case. In contrast, water injection
pressure remained above the dew point for a long period, avoiding any formation of condensate during
depletion. It is interesting to note that the pressure drop after the dew point for the water injection case
was much faster than the gas recycling and base cases.
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3.1. Tracking the Changes in Gas Compositions during Reservoir Depletion
During production from the gas condensate reservoir, heavy components drop out in the
condensate with decreasing pressure [9]. The methane (C1) composition at the wellbore decreases
while the butane (C4) composition increases (Figure 5). As can be seen in Figure 6, notable changes
in composition started after 36.5 days, indicating a rapid dropout of liquid at the wellbore with
declining pressure.
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Figure 6. Composition of fluid components over time for the base case at the wellbore.
Tracking compositional change can be used to demonstrate the eectiveness of the method applied
for recovery enhancement. Figure 7 shows a logarithmic scale of the flow behaviour of C1 and C4-6
around the wellbore. In this figure, three regions can be identified from the plot. The first region is
defined from 0 to 36.5 days, where the concentration of the lighter component (C1) was at its original
value of 55% and the concentration of the intermediate components (C4-6) was 13% with corresponding
pressures of 3350 to 3478 psia. As the hydrocarbon fluid flow reaches the second region, the lighter
component (C1) experiences a reduction in concentration. T second region starts from 36.5 days and
Fluids 2019, 4, 71 9 of 13
ends at 1241 days. As can be seen from the figure, this change in composition for the base case is faster
than in the recycling case. It should also be noted that no change in composition was observed for
the water injection case. We may conclude from this figure that better support of the well prevents a
change in gas composition. With further depletion of the gas condensate reservoir, a third region is
attained. This region lasts from 1241 days to 5475 days with a lighter component concentration of 9%
and 20% and with an intermediate component concentration of 28% and 24% for the base case and
gas recycling cases respectively at a pressure of 500 psia. In contrast to base and gas recycling cases,
the highest change in composition was experienced in region three with water injection. This could
relate to the faster reduction in pressure which occurs at this time (see Figure 3).
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3.2. Tracking Saturation Phase Cha e a Its istance from the Wellbore
Figures 8 and 9 show the saturation phase changes as time progresses for three blocks at dierent
distances from the wellbore for the base and gas recycling cases respectively. As can be seen from these
figures, wellbore block (7, 7, 4) experiences the highest condensate saturation, while blocks further
away from the well (3, 7, 4) experience the lowest. For example, results for the study block (6, 7, 4) and
(3, 7, 4) for the base case show that condensate was reduced by 5.4% and 7.29% respectively. Similarly,
the reductions for the gas recycling case were 9.79% and 10.43%.
Moreover, these figures show the duration of the gas phase (region 3), immobile phase (region 2)
and mobile phase (region 1). The time required to attain maximum gas condensate formation for the
base and gas recycling cases increases to 1533 and 2701 days respectively. In the water injection case,
regi ns 1 a d 2 diminish while region 3 is extended over the production lifetime, indicating that no
condensate was observed in the reservoir.
The reduction in distance f r the ba e and gas recycling cases also cha ges. Hence, no significant
change in condensate saturation ccurs away fr m the wellbore, which indicat s tha th phas change
process occurs close to, or at, the wellbore. It is noted that a shorter time was taken to get to region 2
and a longer time to get to region 1 in the base case, as compared to gas recycling which takes longer to
reach region 2 and less time to get to region 1.
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3.3. Three-Dimensional (3D) Representation of Phase Change During Condensate Production
Figure 10 shows the condensate formation in the reservoir as a function of time and distance from
the wellbore for the base case. The evaluated values of condensate formation from the wellbore region
down to the dry gas region (single phase) from blocks (7, 7, 4) to (1, 7, 4) of the reservoirs are 0.02247,
0.00073, 0.00071, and 0.00025 at 109.5 day (equivalent to 3-time steps). At 1241 ays (eq ivalent to
13-time steps), condensate saturation was observed to have increased to about 20%. Hence, a decline in
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condensate formation away from the wellbore and an increase towards the wellbore occurs as distance
and time increase.
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the wellbore.
The 3D plot also verifies the three regions as described by Fevang & Whitson 1996 [1]. In addition,
it clearly shows the behaviour of the trends in saturation from one region to another.
4. Conclusions
 This study gives a better understanding of hydrocarbon phase change and behaviour in the
reservoirs by tracking the timing of change and distance from the wellbore. This enables the
production engineer to gain a better understanding of the situation for reservoir management and
plan a suitable optimization technique for future production.
 The phase tracking approach that was used for the investigation of the gas condensate reservoir
performance has not been used to evaluate gas condensate recovery in any previous study.
 A compositional study of gas condensate fluid flow was conducted to track the change in the
composition of hydrocarbons, specifically C1 and C2-6 representing light and intermediate gas
components during the production life of gas condensate reservoirs.
 Several scenarios were considere to validate the proposed technique and to etermine th time of
condensate ba ki g as well as its distance from w ll. This as also used a a guide to optimize
condensate production. Typical scenarios su h a w ter inje tion and gas r ycling were also
considered in studying densate banking in this study.
 The results indicate that the further the distance away from the vicinity of the wellbore, the lower
the eect of pressure drop on the cell grid. Cells closer to the wellbore experience the eect of
pressure drop earlier as compared with the other cells. The liquid dropout is immobile until the
critical saturation point is reached.
 To optimize the production from gas condensate reservoirs, the length and timing of region 3 need
to be enhanced. In other words, the single-phase system in the reservoir needs to be extended.
The application of water injection in regions 1 and 2 resulted in the highest condensate production
amongst all other scenarios.
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